1.. Introduction {#s1}
================

Lizards and tuatara are ideal taxa for investigating the evolution of skull mechanics as they exhibit a wide range of skull shapes, muscle arrangements, feeding behaviours and life styles (e.g. \[[@RSIF20170637C1]--[@RSIF20170637C3]\]). Accurate computer models of the skull generated using X-ray computed tomography and quantitative analytical approaches such as multi-body dynamics (MDA) and finite element analysis (FEA) provide powerful tools for testing specific hypotheses \[[@RSIF20170637C4]--[@RSIF20170637C8]\]. However, the role of soft-tissue structures such as the cartilaginous chondrocranium and fibrocellular cranial sutures, which are known to vary dramatically in structure among lepidosaurs (e.g. \[[@RSIF20170637C2],[@RSIF20170637C9]\]), remains poorly known.

The chondrocranium is the portion of the braincase represented by cartilage \[[@RSIF20170637C2],[@RSIF20170637C9]--[@RSIF20170637C11]\]. In the majority of vertebrate taxa, the chondrocranium is largely replaced by bone during skull development but in tetrapods this replacement occurs relatively late \[[@RSIF20170637C12]\]. The chondrocranium is derived from six components: the parachordals (which provide the posterior base of the braincase); the occipital and preoccipital arches (which support the posterior part of the brain); the otic capsules (which house the inner ear); the orbital cartilages (which sit medial to the eyes); the nasal capsules (which house the nasal apparatus) and a pair of rod-like trabeculae cranii that extend between the parachordals and nasal capsules beneath the orbital cartilage and interorbital septum \[[@RSIF20170637C9],[@RSIF20170637C13]\]. In lepidosaurs, a significant part of the anteriormost portion of the chondrocranium is retained \[[@RSIF20170637C9],[@RSIF20170637C13]\], e.g. the interorbital septum and framework of slender bars (derived from the orbital cartilage and posterior ends of the trabeculae cranii), the nasal septum (derived from the anterior ends of the trabeculae cranii) and the nasal capsules. By contrast, in mammals, the nasal cartilage is one of few components to persist into adulthood \[[@RSIF20170637C14]\] but it appears to play a major role in the development of the snout \[[@RSIF20170637C15]--[@RSIF20170637C17]\].

Variation in the structure, histology and mineralization of the chondrocranium among vertebrates may be related to the strain it is subject to in life \[[@RSIF20170637C18]\]. Its material properties are anisotropic due to the amounts and arrangements of constituent collagen and proteoglycans \[[@RSIF20170637C18]--[@RSIF20170637C20]\]. Within lepidosaurs, the chondrocranium also shows dramatic variation in structure and mineralization \[[@RSIF20170637C9],[@RSIF20170637C10],[@RSIF20170637C13],[@RSIF20170637C21]--[@RSIF20170637C24]\]. In many lizard taxa (including *Salvator*), the pila metoptica of the orbital cartilage ossifies to form an orbitosphenoid bone, whereas this element is absent in *Sphenodon*, gekkotans, dibamids and some anguimorphs \[[@RSIF20170637C2],[@RSIF20170637C9]\]. Also, the pila antotica may ossify as a pleurosphenoid (in some gekkotans), the trabeculae cranii may mineralize as a septosphenoid (some gekkotans), other portions of the planum supraseptale ossify ventrally from the frontal bones (e.g. gekkotans, varanids), and a dermal parasphenoid rostrum supporting the interorbital septum may be present or absent (e.g. scincoids, most gekkotans) \[[@RSIF20170637C2],[@RSIF20170637C9]\].

Given that the largely vertical structure of the chondrocranium lies along the mid-sagittal plane between the rostrum and ossified posterior braincase, one might expect it to affect strain distribution in adjacent bones. In humans and other mammals, the nasal septum has been inferred to represent an important vertical support because its absence (due to experimental removal, trauma or congenital circumstances) results in hypoplasia and/or partial displacement of the rostral elements \[[@RSIF20170637C15],[@RSIF20170637C25],[@RSIF20170637C26]\]. *In vivo* strain measurements of the nasal septum in pigs reveal that during feeding it is subject to anteroposterior compression rather than dorsoventral compression. Therefore, a role related to absorbing dynamic strains that arise from feeding was suggested instead \[[@RSIF20170637C27]\] and biomechanical investigations seem to support this possibility \[[@RSIF20170637C27],[@RSIF20170637C28]\]. An examination of the nasal septum in crocodiles \[[@RSIF20170637C20]\] found it to be formed of hyaline cartilage, with elastic fibres in the enclosing perichondrium. However, the authors identified an additional cord of collagen and elastic fibres running below the septum in the midline and suggested that this 'tension cord' might serve to resist tensile strains and stabilize the elongate rostrum during long-axis bending of the cranium. Investigation of the mechanical role of the chondrocranium in lepidosaurs is largely unexplored. Cleared and stained specimens of *Anolis* have been used to identify which parts of the chondrocranium buckle during mesokinetic flexion in the skull roof at the fronto-parietal joint \[[@RSIF20170637C29]\]. A chondrocranium seems to have been included in the finite element model of an *Iguana* cranium (\[[@RSIF20170637C30]\], [figure 5](#RSIF20170637F5){ref-type="fig"}) but its role was not reported or discussed.

The cranial sutures are fibrocellular joints between the bones of the skull \[[@RSIF20170637C31],[@RSIF20170637C32]\]. Although often viewed as sites of bone growth \[[@RSIF20170637C33]\] they are certainly not the only source of growth \[[@RSIF20170637C34],[@RSIF20170637C35]\]. In the frame-like skulls of lepidosaurs, cranial sutures tend to involve large overlaps that may become more extensive with age \[[@RSIF20170637C2],[@RSIF20170637C32]\]. There is also variation in their detailed histology, such as the arrangement of fibres and the contribution from cartilage \[[@RSIF20170637C36],[@RSIF20170637C37]\]. In some lepidosaurs, several cranial sutures allow significant flexion between bones, movement often referred to as cranial kinesis, that may facilitate improved prey capture, prey handling, or bite force, or they may provide shock absorption (e.g. \[[@RSIF20170637C1],[@RSIF20170637C38]--[@RSIF20170637C40]\]). Sutures are known to have significantly different material properties to the surrounding bone \[[@RSIF20170637C31],[@RSIF20170637C41]\] and *in vivo* work on mammals (e.g. \[[@RSIF20170637C42],[@RSIF20170637C43]\]) and fish \[[@RSIF20170637C44]\] suggests that patent sutures affect strain within the skull. Nevertheless, several studies analysing lepidosaur skulls with FEA have not included or greatly discussed sutures \[[@RSIF20170637C45]--[@RSIF20170637C47]\]. Although sutures are often considered to reduce strain (e.g. \[[@RSIF20170637C48]\]), models that do incorporate sutures indicate that strain may actually be higher but more evenly distributed \[[@RSIF20170637C49]--[@RSIF20170637C51]\]. Moreover, how the strain is distributed is likely to be connected to the three-dimensional shape of the sutures \[[@RSIF20170637C32]\]. Wider comparisons are clearly necessary.

Here, we investigate the role of both the chondrocranium and the sutures in the South American tegu lizard, *Salvator merianae* using load cases generated by a biomechanical model with wrapped muscles and minimal constraints (previously validated and published in \[[@RSIF20170637C52]\]) in addition to a finite element model comprising both bone and soft tissue.

2.. Material and methods {#s2}
========================

The specimen material comprised two adult female specimens (T1 and T3) of the South American tegu lizard, *S. merianae* (=*Tupinambis merianae*) \[[@RSIF20170637C53]\]. This taxon and closely related species (such as *Dracaena guianensis*) are relatively well known in terms of their specific differences and phylogenetic relationships \[[@RSIF20170637C53],[@RSIF20170637C54]\], dentition \[[@RSIF20170637C55],[@RSIF20170637C56]\], diet \[[@RSIF20170637C57]\], skull shape \[[@RSIF20170637C56],[@RSIF20170637C58]\], fossil record \[[@RSIF20170637C59],[@RSIF20170637C60]\], prey transport behaviour \[[@RSIF20170637C61],[@RSIF20170637C62]\], physiology \[[@RSIF20170637C63]\] and jaw muscles \[[@RSIF20170637C52],[@RSIF20170637C64]\]. Tegus are known to eat plant material as well as taking a wide variety of prey items including both vertebrates and invertebrates (e.g. \[[@RSIF20170637C57]\]). They have a relatively heterodont dentition \[[@RSIF20170637C55],[@RSIF20170637C59]\] and their deep jaws are powerful \[[@RSIF20170637C52],[@RSIF20170637C65]\].

Specimen T1\'s cranial length (as measured directly between the anteroventral point of the premaxilla and ventrolateral end of the left quadrate) is 92 mm and the width (as measured between the lateral surfaces of the base of the quadrates) is 56 mm. Specimen T3\'s cranial length and width are 105 mm and 62 mm, respectively. The dimensions of both specimens are within the range reported by Colli \[[@RSIF20170637C57]\] for adult animals. The sutures and chondrocranium of *Salvator* have not previously been described.

An anatomically accurate three-dimensional computer model of the cranium, lower jaws and joint surfaces was built using a micro-computed X-ray tomography (μCT) dataset and the image segmentation software Avizo 6.3 (Visualization Sciences Group). Specimen T1 was scanned at the University of Hull, UK, using a X-Tek HMX 160 µCT system (X-Tek Systems Ltd, UK) and the following scan parameters: beryllium target, 113 kV, 25 µA; aperture 75%; 1000 projections. To reduce beam hardening the X-rays were filtered through a 0.1 copper plate. The final voxel size was 0.11 mm. The three-dimensional space occupied by the sutures was manually segmented out from the CT data so that every bone in the computer model was isolated from its neighbours by suture material ([figure 1](#RSIF20170637F1){ref-type="fig"}*a,b*; electronic supplementary material, figures S1--S8, cf. \[[@RSIF20170637C51]\]). These sutures were typically 0.2 mm thick but reached approximately 0.5 mm thick in three places: between the premaxilla and maxilla; between the palatine and prefrontal; and between the quadrate, squamosal and parietal. Spaces within the bones were filled to facilitate meshing (electronic supplementary material, figure S9). We also generated a representation of the chondrocranium between the ossified braincase and nasal capsule ([figure 1](#RSIF20170637F1){ref-type="fig"}*c*). The majority of this structure has a thickness of between 0.5 and 1.5 mm (electronic supplementary material, figure S10). As in the lacertid lizard *Acanthodactylus* \[[@RSIF20170637C13]\], the chondrocranium is made up of nasal capsules, a deep nasal septum and a deep interorbital septum, as well as continuous taenia marginalis, taenia medialis, pila accessoria, pila metopica and pila antotica. Figure 1.Fully segmented skull of *Salvator merianae* (=*Tupinambis merianae*), based on X-ray computed tomography, in lateral view with the cranial bones (*a*) opaque, (*b*) transparent to show the sutural overlaps and (*c*) transparent to show details of the chondrocranium. Scale bar, 20 mm.

Specimen T3 was cut parasagitally and the bones of the larger side were disarticulated using pig pancreatin (VWR International, CAS no.: 8049-47-6) to permit examination of the cranial suture structure under a binocular microscope. Twelve nanoindentation measurements were performed on the maxilla, which provided a Young\'s modulus of 17 032 ± 516 MPa ([table 1](#RSIF20170637TB1){ref-type="table"}). Table 1.Material properties used in the FE model.materialmodel*E* (MPa)*ν*source of the databonelinear elastic17 0000.3nano-indentationteethlinear elastic17 0000.3see main textsuturelinear elastic200.3Kupczik *et al*. \[[@RSIF20170637C41]\]chondrocraniumlinear elastic20; 200; 17 0000.3see main text

A multi-body model of specimen T1 was constructed in the multi-body dynamics analysis (MDA) software ADAMS (MSC Software Corp.), using five rigid body models (most of the cranium, two quadrates and two lower jaws), as well as representation of the muscles (involving 116 strands) based on detailed dissections (as previously described in \[[@RSIF20170637C52]\]; see also \[[@RSIF20170637C7],[@RSIF20170637C66],[@RSIF20170637C67]\]). Movement was permitted between the quadrates and rest of the cranium (streptostyly) to be consistent with the degree of mobility found in the specimens prior to dissection of the jaw muscles \[[@RSIF20170637C52]\].

MDA, using information from muscle physiological cross-sectional areas, was used to predict the loading from each muscle group and the resulting total bite force (electronic supplementary material, table S1). Bite force predictions from the models using a muscle intrinsic strength of 40 N cm^−2^ closely matched results from previous *in vivo* bite force experiments on the same individual animal \[[@RSIF20170637C52]\] (electronic supplementary material, table S2).

For the FEA the model of the specimen T1 cranium was converted into a tetrahedral mesh consisting of 1.4 million solid (10 node) higher order elements. The sutures were necessarily enlarged during this process but remained less than 0.4 mm thick (electronic supplementary material, figure S11). The FEA was performed in ANSYS (Swanson Analysis Systems, Canonsburg, PA, USA). All the structures of the skull were modelled as linear elastic, isotropic materials, with a Poisson\'s ratio of 0.3. Bones and teeth were given Young\'s modulus values of 17 000 MPa using the nanoindentation results which compared well with values used elsewhere (cf. \[[@RSIF20170637C46],[@RSIF20170637C51],[@RSIF20170637C68]\]). For ease of model segmentation and because we were not interested in the detailed strains in the teeth, we used the same property values for both teeth and bones. Variable bone properties have been used in finite element models before (e.g. \[[@RSIF20170637C69],[@RSIF20170637C70]\]). However, whereas the variation in bone material properties can be relatively high (e.g. \[[@RSIF20170637C71]\]), it is markedly less than the difference between bone and suture properties, and hence the effect of including sutures in the model will be significantly greater than the effect of including variable bone properties.

To investigate the effect of the chondrocranium on the strain distribution over the skull, we performed three FEA with Young\'s modulus values for the chondrocranium of 17 000 MPa (like bone), 200 MPa and 20 MPa (like cartilage). We are not aware of any published values for Young\'s modulus of the lepidosaur chondrocranium. Values for other types of vertebrate cartilage are available (e.g. \[[@RSIF20170637C72]--[@RSIF20170637C78]\]) but vary according to differences in histology, degree of mineralization, sample thickness, specimen preparation and the rate of loading used. Thus, a large range of values can be found in the literature for Young\'s modulus (0.5--564 MPa) of cartilage (e.g. \[[@RSIF20170637C18],[@RSIF20170637C73],[@RSIF20170637C75],[@RSIF20170637C76],[@RSIF20170637C78]--[@RSIF20170637C80]\]). Many values are derived from measurements under slow loading of unmineralized hyaline cartilage, but reported Young\'s modulus values are typically below 10 MPa (e.g. \[[@RSIF20170637C78]\]). Values for the nasal septum of mammals tend to be less than 5 MPa \[[@RSIF20170637C18],[@RSIF20170637C76],[@RSIF20170637C80]\]. By contrast, impact loading of unmineralized articular cartilage has yielded values of 50--200 MPa \[[@RSIF20170637C77],[@RSIF20170637C81]\]. Our lower Young\'s modulus value of 20 MPa for the chondrocranium is closer to published values for impact loading, rather than slow loading, as we model fast forceful bites. Our higher value of 200 MPa lies at the upper end for impact loading of unmineralized articular cartilage and within the range for quasi-static loading of mineralized cartilage (20--564 MPa, \[[@RSIF20170637C73]\]). We acknowledge that the properties of the chondrocranium are almost certainly not isotropic \[[@RSIF20170637C18]--[@RSIF20170637C20]\]. Moreover, we do not allocate the portion of chondrocranium which in *Salvator* forms an orbitosphenoid with the material properties of bone.

The cranial sutures were given a value of 20 MPa (cf. \[[@RSIF20170637C41]\]). Material properties of the sutures are unknown for teiid lizards but they are likely to be more similar to those of sutures in other vertebrates than they are to those of bone.

FEA was used to predict the strain distribution in the cranium and the chondrocranium for both anterior biting (approx. 200 N, bite point 1 in \[[@RSIF20170637C52]\]) and posterior biting (approx. 300 N, bite point 3 in \[[@RSIF20170637C52]\]). Constraints were applied to the model to mimic the physiological boundary conditions experienced during biting. One node on each of the tips of the loaded teeth was constrained in all directions, and one node on the base of each quadrate constrained in a vertical direction. We employed these constraints because we aimed for a minimally constrained model to limit artefacts and we wanted the loading to include the horizontal components of bite force for a prey that was effectively immobile. Bite forces were thus modelled as reaction forces. To simulate the muscle forces, we imported the maximum muscle force magnitude and direction and coordinates of muscle origins for each muscle strand from our MDA model of the same specimen (T1). We examined 1st principal (most tensile) and 3rd principal (most compressive) strains as well as von Mises strain (a combination of all principal strains). Element solutions calculated in ANSYS were then exported and converted into .vtk files to be visualized in the software Paraview \[[@RSIF20170637C82]\]. Tension--compression dominance contour plots were created by comparing the absolute values of the 1st (*ɛ*~1~) and 3rd (*ɛ*~3~) principal strain for each element of the mesh, and assigning an arbitrary value of 0 if *ɛ*~1~ \> *ɛ*~3~, and 1 if *ɛ*~1~ \< *ɛ*~3~ for each element. Hence, this contour plot gives information about the regions that are dominated by tensile or compressive strain without further information concerning their magnitude.

Quantitative estimates of the overall strain differences along the length of the models were obtained by dividing the cranium and chondrocranium into 10 sections and calculating a mean strain magnitude within each of those sections. Post-processing of the ANSYS results to generate .*vtk* files and quantitative data analyses were performed in the software R \[[@RSIF20170637C83]\].

3.. Results {#s3}
===========

3.1.. Finite-element results: strains within the chondrocranium {#s3a}
---------------------------------------------------------------

Strain within the chondrocranium was much higher when sutures were included in the model of the cranium and slightly more regionalized but generally similar to the model without sutures. Alteration to the material properties of the chondrocranium made little difference to relative strain distribution, only magnitude.

In both load cases (anterior and posterior biting) for the cranium with sutures, the greatest strains were located anteriorly rather than posteriorly, and the greatest strains were tensile rather than compressive ([figure 2](#RSIF20170637F2){ref-type="fig"}). The pattern for 1st principal (tensile) strains was very similar to that of von Mises strains but for 3rd principal (compressive) strains the difference in magnitude between strains located anteriorly and those located posteriorly was much less (particularly for posterior biting). During anterior (bilateral) biting, the highest strain magnitudes occurred in the anterior 10% of the chondrocranium ([figure 2](#RSIF20170637F2){ref-type="fig"}*a--c*): the anteroventral end of the nasal capsule and nasal septum. Strains were also present within the nasal septum, interorbital septum and the posterior most ends of the paired taenia marginalis ([figure 3](#RSIF20170637F3){ref-type="fig"}*a--c*). During posterior biting (unilateral), strains in the nasal septum and posterior-most ends of the paired taenia marginalis were less than half the magnitude observed during anterior biting. However, magnitudes were higher in the portion of chondrocranium between 30% and 70% of its length ([figure 2](#RSIF20170637F2){ref-type="fig"}*e--g*), which includes the interorbital septum ([figure 3](#RSIF20170637F3){ref-type="fig"}*d--f*). Also during posterior biting, in the region of the pila metoptica there is a slight increase in tensile strain ([figure 3](#RSIF20170637F3){ref-type="fig"}*d--f*). Figure 2.Strain plots within the chondrocranium during (*a--d*) anterior biting and (*e--h*) posterior unilateral biting. (*a,e*) von Mises strain, (*b,f*) 1st principal strain, (*c,g*) 3rd principal strain and (*d,h*) 1st/3rd principal strain ratio. Dashed lines represent models with patent sutures. Figure 3.Strain contour plots within the chondrocranium in left lateral view from a model with a Young\'s modulus value of 20 MPa in a cranium with sutures included. (*a--c*) Anterior biting and (*d--f*) posterior biting, (*a,d*) von Mises strain, (*b,e*) 1st principal strain and (*c,f*) 3rd principal strain.

3.2.. Finite element results: cranium under anterior loading {#s3b}
------------------------------------------------------------

During anterior (bilateral) biting in the models without sutures the greatest values of von Mises strain occur in the anterior 20% of the cranium: strain was twice that of most other sections and three times that of the section between 20% and 40% of the length of the cranium ([figure 4](#RSIF20170637F4){ref-type="fig"}*a--c*). Specific regions of high strain include compression within the premaxilla and anterior end of the maxilla (near the location of the bite) as well as in the parietal ([figure 5](#RSIF20170637F5){ref-type="fig"}), and tension in the midpoint of the vomers, palatines, base of the braincase (basioccipital), the posterior ends of the pterygoids and around the pterygoid--quadrate joints (electronic supplementary material, figure S15). Figure 4.Strain plots for the cranium during (*a--d*) anterior biting and (*e--h*) posterior unilateral biting. (*a,e*) von Mises strain, (*b,f*) 1st principal strain, (*c,g*) 3rd principal strain and (*d,h*) cumulative strain plots. Dashed line = patent sutures. Figure 5.Strain contour plots and tension--compression dominance plots of the cranium under anterior loading in dorsal view with a chondrocranium of 200 MPa and sutures present (*a--d*) and absent (*e--h*) showing: von Mises strain (*a,e*), 1st principal strains (*b,f*), 3rd principal strains (*c,g*) and plots of whether strains are dominated by tension (green) or compression (blue). The pink asterisks indicate the location along the tooth row at which loading was applied (*a--h*). In the contour plots, strain values are given in microstrain and the sutures are shown in grey (*a--c* and *e--g*).

Inclusion of cranial sutures resulted in greater strain magnitudes so that the total volume of skull bone that underwent more than 500 microstrain was approximately 60% rather than approximately 43% ([figure 4](#RSIF20170637F4){ref-type="fig"}*d*). The extent of von Mises strain and first principal strain along the anterior 70% of cranium length was accentuated and there was a relatively large increase in strain within the section between 80% and 90% along the length of the cranium ([figure 4](#RSIF20170637F4){ref-type="fig"}*a--c*). Specific locations of increased strain included the premaxilla, the facial process of the maxilla, the jugal (suborbital rim, postorbital bar), the anterior part of the frontal, the upper temporal bar (postorbital-squamosal), the vomers, the palatines and the posterior ends of the pterygoids ([figure 5](#RSIF20170637F5){ref-type="fig"}; electronic supplementary material, figures S13--S21 and S39). However, there was a decrease in strain in the lateral parts of the nasals, posterior ventral end of the frontal, the squamosals and the heads of the quadrates ([figure 5](#RSIF20170637F5){ref-type="fig"}; electronic supplementary material, figures S13--S21 and S39).

In both models, with and without sutures, the cranium roof was dominated by compression (electronic supplementary material, figure S33), whereas the palate and sphenoid were primarily under tension (electronic supplementary material, figure S34), indicating sagittal bending of the whole cranium. Areas of high tensile strain included the postorbital bar, the upper temporal bar, the vomers and the palatines, whereas high compressive strains were found in the premaxilla and along the lateral edges of the posterior processes of the pterygoids (electronic supplementary material, figures S13--S21 and S33 and S35--S36).

Addition of a chondrocranium made little difference to strain magnitudes within sections along the length of the cranium ([figure 4](#RSIF20170637F4){ref-type="fig"}*a--c*) or to general strain distribution on the bone surface (electronic supplementary material, figures S13--S21) except in the model with sutures where the chondrocranium was modelled as bone (17 000 MPa). Here, the levels of strain were 10--30% lower in the anterior 80% of the cranium compared to strain levels in other models with sutures ([figure 4](#RSIF20170637F4){ref-type="fig"}*a--c*). These results are not unexpected given that the additional bone along the midline of the model will make it more resistant to strain. The pattern of strain distribution in the cranium with a chondrocranium modelled at 20 MPa was very similar to those modelled without a chondrocranium. Those with a chondrocranium modelled at 200 MPa showed slightly lower strains (less than 10%) in some parts of the cranium compared to the cranium with no chondrocranium ([figure 4](#RSIF20170637F4){ref-type="fig"}*a--c*), perhaps most obviously in the premaxilla and nasals (electronic supplementary material, figures S17 and S21). Modelling the chondrocranium as bone rather than cartilage also altered the dominance of tension versus compression in some areas (electronic supplementary material, figures S31--S34), e.g. the area dominated by tension at the posterior end of the frontal is larger, whereas those in the nasals and anterior end of the frontal diminish (electronic supplementary material, figures S31 and S32).

3.3.. Finite element results: cranium under posterior loading {#s3c}
-------------------------------------------------------------

During posterior biting (unilateral on the left side) in the models without sutures the greatest overall strain values occurred in the section 70--80% along the length of the cranium (just behind the postorbital bar), whereas the lowest strain values occurred in the anterior 20% of the cranium ([figure 4](#RSIF20170637F4){ref-type="fig"}*e--g*). Strain was also high at 30%: the location of the bite point. The highest strain during posterior biting was located in the left facial process of the maxilla (above the location of the bite), left pterygoid, left upper temporal bar, base of the braincase, body of the right palatine and right parietal ([figure 6](#RSIF20170637F6){ref-type="fig"}). The unilateral posterior biting resulted in very high (compressive) strains in the contralateral side of the parietal, whereas the ipsilateral side experienced only low strains ([figure 6](#RSIF20170637F6){ref-type="fig"}; electronic supplementary material, figures S22--S308). Figure 6.Strain contour plots and tension--compression dominance plots of the cranium under posterior loading in dorsal view with a chondrocranium of 200 MPa and sutures present (*a--d*) and absent (*e--h*) showing: von Mises strain (*a,e*), 1st principal strains (*b,f*), 3rd principal strains (*c,g*) and plots of whether strains are dominated by tension (green) or compression (blue). The pink asterisk indicates the location along the tooth row at which loading was applied (*a--h*). In the contour plots, strain values are given in microstrain and the sutures are shown in grey (*a--c* and *e--g*).

As with anterior biting, the sphenoid and most of the palate were primarily under tension, whereas the cranium roof showed large areas of compression, albeit with a notably asymmetrical strain distribution ([figure 6](#RSIF20170637F6){ref-type="fig"}; electronic supplementary material, figures S35--S38). Tension dominated the nasal and lateral face of the maxilla on the biting side, parts of the frontal on the opposite side, and the roof of the braincase (electronic supplementary material, figure S41). Among the models with sutures there was also an asymmetry in the loading of the parietal processes with the ipsilateral process under substantial compression ([figure 6](#RSIF20170637F6){ref-type="fig"}). Compression also dominated within the ventral portion of left maxilla above the bite point, the right nasal, the left prefrontal, the left side of the frontal and the posterior process of the left pterygoid (electronic supplementary material, figures S27, S30, S38 and S41).

Consistent with anterior biting, the inclusion of cranial sutures increased strain so that the total volume of skull bone that underwent at least 500 microstrain was much greater when sutures were included (60%) than when they were not (approx. 45%) ([figure 4](#RSIF20170637F4){ref-type="fig"}*h*). The von Mises strain increased in all sections along the cranium but not to the same extent ([figure 4](#RSIF20170637F4){ref-type="fig"}*e--g*). The greatest proportional increase in strain occurred in the section where the bite occurred, at 30% along the length of the cranium (from approx. 750 to 1250 microstrain), and where the jaw muscles were located in the posterior 30% of the cranium (from approx. 750 to 1500). Strains within the posterior section were greater during posterior biting than they were during anterior biting (1500 versus 1400), but strain in the anterior most section was about three times less (750 versus 2500) ([figure 4](#RSIF20170637F4){ref-type="fig"}*e--g*).

With sutures present, the strain differences within the parietal and upper temporal bars were accentuated ([figure 6](#RSIF20170637F6){ref-type="fig"}; electronic supplementary material, figure S41), and strain was greater in the anteroventral portion of the left maxilla, the facial process of the right maxilla and the lateral process of the left pterygoid. However, strains within the left prefrontal, nasal, lacrimal, postorbital, squamosal and quadrate, as well as the right palatine and right pterygoid were relatively lower (electronic supplementary material, figures S22--S24).

The addition of a chondrocranium again had little effect on the bone strain magnitudes regardless of material properties used ([figure 4](#RSIF20170637F4){ref-type="fig"}*e--g*). The strains in a cranium with a chondrocranium modelled at 20 MPa were very slightly lower than one modelled with no chondrocranium. When the chondrocranium was modelled at 200 MPa, strains were lower in the central part of the cranium but it increased slightly at the anterior tip. When the chondrocranium was modelled as bone (17 000 MPa) strains were again lower in the sections representing 20--40% and 70--90% along the cranium ([figure 4](#RSIF20170637F4){ref-type="fig"}*e--g*).

4.. Discussion {#s4}
==============

Representation of soft-tissue structures in biomechanical models is critical for a more complete understanding of skull mechanics \[[@RSIF20170637C41],[@RSIF20170637C46],[@RSIF20170637C49],[@RSIF20170637C51],[@RSIF20170637C68],[@RSIF20170637C84]\], but it is important to identify which tissues have a significant role. Here, we analysed the role of the sutures and chondrocranium in a lizard cranial model.

Strains within the chondrocranium of *S. merianae* (as modelled) were twice as great during anterior biting compared to posterior biting. This result likely reflects the vulnerability of this mid-sagittal structure to the greater long-axis sagittal bending of the skull during anterior versus posterior biting \[[@RSIF20170637C18]\]. Our model was given isotropic material properties, although the nasal septum and trabeculae cranii were modelled as thicker than the interorbital and orbito-temporal regions. Nevertheless, even with posterior bites, strains within the posterior part of the chondrocranium (80--100% along the full length) were often less than half of those of the anterior part (0--70% along the full length). This suggests that, in life, the anterior part of the chondrocranium may have different material properties to the posterior part. This has yet to be investigated in detail in lizards, but Klenner *et al*. \[[@RSIF20170637C20]\] found differences in histology between different parts of the septum nasi and septum interorbitale in *Caiman crocodilus*. In pigs, the anterior nasal septum was found to have a higher compressive stiffness and lower tensile stiffness than the posterior portion \[[@RSIF20170637C18]\] which should result in lower equivalent compressive strains. Similarly, in our model of the lizard chondrocranium, the highest strains are observed to be tensile rather than compressive. If this is also true *in vivo*, then the lizard nasal septum is unlikely to be acting primarily as a compressive bracing structure for the rostrum, as has been suggested for mammals \[[@RSIF20170637C20],[@RSIF20170637C25],[@RSIF20170637C26]\] where much of it ossifies in adults. Nevertheless, in lizards with mesokinesis (flexion at the fronto-parietal suture), compressive strain might be predicted to dominate the chondrocranium, particularly in the ventral part of the orbito-temporal region.

The observation that strain distribution within the chondrocranium appears to be sensitive to bite location may help to explain the variable degrees of mineralization that occur in different squamate taxa, for example, the ossification of the pila metoptica as an orbitosphenoid. However, although there is an increase in strain in the pila metoptica and posterior part of the taenia marginalis ([figure 1](#RSIF20170637F1){ref-type="fig"}) in posterior biting, the increase appears to be relatively minor (figures [2](#RSIF20170637F2){ref-type="fig"} and [3](#RSIF20170637F3){ref-type="fig"}) and other factors are likely to play a role. Our models did not include the eye muscles that attach to the orbital cartilage and are probably a source of additional strain \[[@RSIF20170637C21]\]. We also focused on an adult specimen of a relatively large robust lizard that might not be representative of juvenile specimens or those with a high degree of intracranial flexibility \[[@RSIF20170637C29]\].

Overall, therefore, our analyses have shown that the inclusion of a cartilaginous chondrocranium made little difference to strain magnitudes in the overlying cranial bones, irrespective of biting location ([figure 2](#RSIF20170637F2){ref-type="fig"}*a*). However, as in previous studies \[[@RSIF20170637C49],[@RSIF20170637C51]\] but with a more detailed model, we have shown that the presence of cranial sutures increases overall strain within the cranium, and reduces areas of very low strain in which bone maintenance could be compromised. Sutures alter strain distribution qualitatively (not just quantitatively) to the extent that comparisons across species using models that do not include sutures may be of limited value. Our results are consistent with the hypothesis that a relatively even strain distribution exists in life and is necessary for appropriate growth and bone turnover \[[@RSIF20170637C46],[@RSIF20170637C85]\]. During anterior biting in the model without sutures almost all the palate and ventral brain case were under tension, whereas the cranial roof was in compression ([figure 5](#RSIF20170637F5){ref-type="fig"}). The cranium essentially behaved like a simple beam under sagittal bending. In contrast, when sutures are present there is a more complex distribution of tension and compression: the structure is split into several components, resulting in some areas of tension on the dorsal surface of the cranium. This more complex pattern is consistent with *in vivo* strain results found for other vertebrate taxa (e.g. \[[@RSIF20170637C43],[@RSIF20170637C44]\]).

Despite growing evidence that sutures have a significant role in skull biomechanics (e.g. \[[@RSIF20170637C42]--[@RSIF20170637C44],[@RSIF20170637C49],[@RSIF20170637C51]\]), they are frequently not included within analyses due a persistent perception that they may not be important enough to justify modelling their complex three-dimensional anatomy. Wang *et al*. \[[@RSIF20170637C86]\] is often cited as an example of an analysis where inclusion of sutures did not affect strain distribution. However, this study focused on primates which have fewer sutures than most reptiles \[[@RSIF20170637C86]\] and possess globe-like skulls rather than frame-like skulls \[[@RSIF20170637C32],[@RSIF20170637C51]\]. Moreover, the model used by Wang *et al*. \[[@RSIF20170637C86]\] only included eight facial sutures; the many sutures in the basicranium and cranial vault were ignored so that the face was essentially attached around its perimeter to a much larger, rigid structure. We are, therefore, not confident that this study provides conclusive evidence that sutures have no significant biomechanical role in vertebrate skulls. Moreover, we urge greater effort to include sutures within biomechanical models (particularly when studying reptiles) so that progress can be made towards investigating them fully.

Our results provide some insights into the functional morphology of *S. merianae*, a taxon that is known to actively predate other vertebrates \[[@RSIF20170637C57]\]. Posterior bites deliver the greatest bite forces \[[@RSIF20170637C52]\]. The high compressive strains that we observed in the contralateral parietal process during unilateral posterior biting suggest that these processes play an important role in supporting the skull from the torsion associated with this type of biting ([figure 6](#RSIF20170637F6){ref-type="fig"}). The orientation of the parietal processes within the skull (in dorsal view) sits along a line between posterior teeth, where high bite forces are generated, and the base of the contralateral quadrate where the joint reaction forces occur. The principal strain plots show peak dominant compressive strains in the contralateral side of the parietal, but the tensile strains are generally lower. Given that the length, orientation and cross-sectional shape of these processes varies considerably among squamate taxa \[[@RSIF20170637C2]\], this is clearly a potentially informative area for further research.

5.. Conclusion {#s5}
==============

Our results do not support suggestions from work on other taxa that the nasal septum in lizards functions as a supporting structure within the nasal cavity \[[@RSIF20170637C15],[@RSIF20170637C25],[@RSIF20170637C26]\] or that it acts as a stress dampener \[[@RSIF20170637C18],[@RSIF20170637C27],[@RSIF20170637C28]\]. As modelled in the South American tegu lizard, *S. merianae*, the chondrocranium mainly experiences tension but its inclusion does not significantly reduce strain from surrounding bones. Strain within the chondrocranium is unevenly distributed and differs according to bite position, a finding that may explain differences in mineralization among different species but this requires further investigation. Without sutures, the cranium behaves like a simple beam under sagittal bending but when sutures are included and the cranium is split up into several connected components, tensile strain is observed in some areas on the dorsal surface. Our results are consistent with previous studies that show inclusion of sutures can radically alter strain distribution, indicating that, in life, sutures may be important in ensuring that all regions of the skull experience a threshold level of strain for bone maintenance \[[@RSIF20170637C51]\]. Incomplete representation of soft tissues appears to be a likely reason why some models are unable to replicate strains measured *ex vivo* or *in vivo*.
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